Previous experiments from flight-and ground-based model systems indicate unexpected alterations of human leukocytes, leading to growth retardation and depression of mitogenic activation. The response of myelomonocytic U937 cells to simulated micro gravity was therefore investigated. To this purpose, U937 cells were cultured in the NASA-developed bioreactor Rotating Wall Vessel (RWV) as a device to simulate microgravity on earth. No apoptosis was detected, in part because of the up-regulation of hsp70. In agreement with results obtained in space-flown U937 cells, the cells grew more slowly in the RWV than under normal conditions and this correlated with the down-modulation of cdc25B. Marked alterations of the cytokine secretion profile and, in particular, of inflammatory chemokines, as well as a decrease of the proteasome activity, were also observed in response to microgravity.
The immune system is profoundly affected by microgravity. Indeed, astronauts become quite susceptible to illness when in space (1). Neutrophil phagocytic and oxidative functions are affected by space flight (2) and lymphocyte numbers and functions are impaired (3) . This partial immune deficiency has been related to the stress hormones released during space flight and to cosmic radiation, to which leukocytes are very sensitive (4) . However, a direct impact of microgravity on immune cells might also contribute to the immunodepression observed in vivo, since dysfunctions have been detected in leukocytes from flight-and ground-based model systems (5) . Morphological detection and quantitation of Fas/APO-l protein have suggested that spaceflight increases apoptosis in human lymphoblastoid (Jurkat) cells (6) . Accordingly, simulated microgravity induces apoptosis in human lymphocytes, but not in the human monocytic cell line U937, by 5-lipooxygenase-mediated mitochondrial uncoupling and cytocrome C release (7) . Leukemic T lymphocyte Jurkat cells flown on the space shuttle consistently manifest growth arrest (6) and human lymphocytes respond poorly to mitogenic stimulation (4) . These anomalies in cell growth and functions are in part due to changes in the cytoskeleton (6) , which is altered in several types of space-flown cells as well as in cells cultured in simulated microgravity (8) . Interestingly, cDNA microarray screening of gene expression in space-flown Jurkat cells lead to the identification of differential expression of genes that regulate growth, metabolism, signal transduction, adhesion, transcription, apoptosis and tumor suppression (9) . The mechanisms of these changes and potential countermeasures have been a major focus of investigation.
U937 cells derive from a histiocytic lymphoma and closely mimic macrophage in vitro behaviour (10) . It has been suggested that monocyte/ macrophages are not as adversely affected by microgravity as T cells (11). The behaviour of U937 cells cultured in simulated microgravity was therefore investigated. For this purpose, the rotating wall vessel (RWV) bioreactor was utilized. RWV is a rotary cell culture system which incorporates aspects of clinostatic rotation and free fall (12) , thus reducing gravity. U937 in simulated microgravity were growth-inhibited and this correlated with the down-modulation of cdc25B, essential for cell cycle progression. In addition, the exposure to microgravity modulates cytokine secretion profiles and the activity of the proteasome.
MATERIALS AND METHODS

Cell culture and simulation ofmicrogravity
The human myelomonocytic U937 cells were serially passaged in RPMI containing 10% FCS (10) . To generate microgravity, the RWV bioreactor (Cellon) was utilized. Briefly, the RWV are horizontally rotated, fluid-filled culture vessels, equipped with membrane diffusion gas exchange to optimize gas/oxygen supply. The time averaged gravitational vector acting on these cellular assemblies is reduced to about 10-2 g (12) . However, for simplicity, these conditions are mentioned as microgravity. As controls, U937 cells were cultured in the vessels not undergoing rotation. For proliferation assays, the cells were stained with trypan blue solution (0.4%) and counted using a Burker chamber. All the experiments were performed in triplicate.
Western blot U937 cells were lysed in 10 mM Tris-HCI (pH 7.4) containing 3 mM MgCI 2 , 10 mM NaCI, 0.1% SDS, 0.1% Triton X-100, 0.5 mM EDTA and protein inhibitors, separated on SDS-PAGE and transferred to nitrocellulose sheets. Western analysis was performed using antibodies against cdc25B, hsp70, actin and GAPDH (Tebu Bio-Santa Cruz). Secondary antibodies were labeled with horseradish peroxidase (Amersham Pharmacia Biotech). The SuperSignal chemiluminescence kit (Pierce) was used to detect immunoreactive proteins (8, 13) .
Protein array U937 cells were cultured in the RWV as described for 3 days. 5 ml of conditioned media were centrifuged and utilized to incubate the membranes on which 35 cytokines were spotted in duplicate (RayBiotech-Tebu Bio). The assay was performed according to the manufacturer's instructions, as described (13) .
Determination ofpro teasome activity U937 cells were cultured in the RWV for 24 and 72 h and lysed in 20 mM Tris-HCI containing 10% glycerol, 5 mM ATP and 0.2% NP-40. After centrifugation, the proteasome activity was determined according to the manufacturer's instructions (20S Proteasome Activity Assay kit, Chemicon). The samples were quantified using a luminescence spectrometer. The proteasome activity was calculated on the standard activity curve of the 20S Proteasome Positive Control.
RESULTS
Modulation of U937 cell proliferation by microgravity
U937 cells were grown in the RWV for different lengths of time. As shown in Fig. 1 , culture in microgravity inhibited U937 cell proliferation in a time-dependent fashion. These results are in agreement with data from space-flown U937 cells (14) . The levels of cdc25B, which is essential for the late G2/M transition, were evaluated by western blot. In U937 cells grown in microgravity, a reduction of the total amounts of cdc25B was observed ( Fig. 2 ).
In agreement with reported results (7) , U937 cells exposed to simulated microgravity did not undergo apoptosis at any time point tested (not shown). Since the accumulation of the major stress protein hsp70 protects myeloid and lymphoid cells from apoptosis (15) , it is noteworthy that microgravity induced hsp70 in U937 cells as detected by western analysis (Fig. 2 ).
Major modifications of cytoskeleton have been observed in different cell types cultured in microgravity (8) (9) . In particular, spaceflight alters cytoskeletal gene expression as shown by cDNA array in Jurkat cells (9) . Accordingly, in U937 cells cultured in microgravity for 72 h, a 2-fold decrease of the total amounts of actin, a major cytoskeletal component, was observed (Fig. 3) .
Modulation of the release of cytokines by microgravity
To obtain a broad profile of the cytokines secreted by U937 cells cultured in microgravity, a protein array was performed. U937 cells were cultured for 72 h in the RWV. The medium was then utilized for the proteomic analysis. Table I shows an overview of the cytokines released by U937 cells.
Out of 35 cytokines evaluated, a significant increase of the secretion of some chemokines was detected. In particular, a major induction of interleukin (lL)-8 release was observed in cells in microgravity.
To a lower extent, also the secretion of monocyte chemoattractant protein-I (MCP I) and macrophage inflammatory protein (MIP)-I a and Pwas increased, while RANTES release was slightly decreased in cells cultured in the RWV. In addition, the release of IL-I s, IL-2, macrophage-colony stimulating factor (MCSF), transforming growth factor (TGF) PI and tumor necrosis factor (TNF) a and Pwas induced in microgravity.
Proteasome activityin U937 cellsinmicrogravity
Evidence has been provided about the modulation of the proteasome in some cells in microgravity (16) (17) . On these bases, the proteasome activity on crude extract 
DISCUSSION
U937 cells in the RWV for 24 and 72 h was measured. Fig.4 showsthatmicrogravity markedlyinhibitedthe total activityof the proteasomeafter 72 h (Fig.4 ). Fig. 3 . Microgravity down-regulates actin. Lysates of U937 cells (4() Jig) were utilized for western hlot with anti-actin antibodies as described. Incubation with an anti-GAPDH antihody shows that comparahle amounts ofprotein were loaded.
Results of studies in both simulated and true microgravity show decreases of the proliferation and function of leukocytes. In particular, the growth of U937 cells flown to space was significantly lower than ground controls (14) , and this could be due, in part, to the modification of the kinetics and the quantity of translocation of protein kinase C, thus suggesting an effect of microgravity on early cell activation events (14, 18) . Accordingly, by using the RWV as a device to simulate microgravity, U937 cells proliferate more slowly than controls. This growth retardation is paralleled by the downregulation of cdc25B, a dual specificity phosphatase which accumulates during the late S and early G2 phases of the cell cycle and is essential for the G2/M transition (19) (20) . Indeed, by microinjection assay, it has been shown that ablation of cdc25B function by specific antibodies blocks the cell cycle progression by inhibiting the entry into mitosis (19) . On these bases, it is feasible to propose that microgravity retards U937 cell growth at the G2 phase of the cell cycle. More experiments are necessary to support this issue.
Cytoskeletal reorganization occurs in microgravity (6, (8) (9) . Similarly to other cell types, U937 cells cultured in microgravity reduce the total amounts of actin. Since i) the cytoskeleton is critical in determining the distribution of cell surface receptors, including those for growth factors, and ii) cytoskeletal modifications alter the trafficking of molecules within the cells, cytoskeletal anomalies fundamentally influence functional processes, including growth. The down-regulation of actin, which implies a disorganization of cytoskeletal structures, may therefore contribute to the inhibition of U937 cell growth in simulated microgravity.
No apoptosis was detected in U937 in microgravity. Apoptotic death has been shown to occur in different cells cultured in simulated microgravity and in space-flown human Iymphoblastoid Jurkat cells (6) . Interestingly, in simulated microgravity using the Random Positioning Machine, primary human lymphocytes undergo apoptosis. This is due to the early activation of 5-lipoxygenase (LOX) with consequent damage of mitochondrial integrity, cytochrome c release and caspase activation (7) . Under the same experimental conditions, U937 cells fail to undergo apoptosis, and this has been ascribed to the lack of expression of LOX in these cells (7) . The same behaviour was observed when microgravity was simulated by using the RWV. Since RWV-simulated microgravity induces hsp70 in U937 cells, it is reasonable that the up-regulation of this major stress protein may participate in protecting U937 cells from death. Indeed, hsp70 blocks apoptosis by preventing the constitution of the apoptosome and by protecting against the apoptogenic effects ofApoptosis Inducing Factors (21) . Interestingly, stably transfected hsp70overexpressing, as well as pre-heated U937 cells, were resistant to apoptotic stimuli (22) .
Cytokine network seems to be perturbed in space and in simulated microgravity. Altered cytokine expression was observed in the tissues of mice subjected to microgravity (23) and in different cell types both in space and in simulated microgravity (4, 8, 24) . In particular, alterations in TNF-and ILl-related gene expression in space-flown human fibroblasts were reported (24) , and the up-regulation of IL-I a in human endothelial cells cultured in the RWV was described (8) . Based on these results, a proteomic approach -i.e. protein array -was used to obtain a profile of the cytokines released by U937 cells cultured in microgravity. The secretion of the inflammatory chemokines IL-8, MCP-I, MIPla and P was significantly increased, while the release of RANTES was decreased in cells exposed to microgravity. Chemokines are a family of structurally-related glycoproteins with potent leukocyte chemotactic act ivity and provide a flexible code for regulating cell traffic and positioning in both homeostatic and inflammatory conditions (25) . Since bone marrow macrophages activated in space secrete more fL-Ia and TNFa than controls on earth (26) , it is noteworthy that U937 cells cultured in the RWV release more IL-I s, TNFa and P than controls. It is therefore reasonable to conclude that simulated microgravity induces a pro-inflammatory phenotype in these cells. In this context, the increase of TGFp I secretion is intriguing, since i) an autocrine TGFp I pathway in U937 cells is involved in the early steps of the process leading to cell growth arrest (27) and ii) TGFp I prevents macrophage activation and antagonizes inflammatory cytokines, thereby holding the inflammatory responses in check (28) .
More experiments are required to disclose the mechanisms underlying the increased release of cytokines by U937 cells in microgravity. While it is possible that microgravity enhances some secretory pathways, an inhibition of cytokine degradat ion may also be involved. To this point, evidence is provided that post-transcriptional events may playa role, since microgravity reduces the activity of the proteasome in U937 cells after culture in the RWV. Interestingly, it was recently shown by a proteomic approach that human T lymphocytes in simulated microgravity downregulate the 26S proteasome subunit 6 and the proteasome activator complex subunit 3, thus suggesting an impairment of the proteasome machinery ( 16) .
To summarize, these results indicate that simulated microgravity profoundly modulates U937 cell behaviour. Apart from a retardation of cell cycle progression, relevant alterations in the cytokine secretion profile were observed, suggesting that microgravity acti vates U937 cells to reset the Table I . Cytokine protein array in U937 cells in microgravity vs controls. Media were collectedfrom U937 cells after 3 days in the RWV and relative controls. After centrifugation, 5 ml ofmedia were usedfor the protein array as described in the methods. The immunoreactive spots were visualized by chemiluminescence and quantitated by densitometry. The results are shown as arbitrary units rangingfrom (-) negative to (++++) highly expressed
Control Microgravity
Eotaxin Eotaxin-2 GCSF GM-CSF IFN-y 1-309 IL-la. -+ TNFp -+ program controlling the cytokine network to induce a pro-inflammatory environment. As many cells of different tissues are sensitive to the effects of cytokines, these results may provide novel insights to design corrective countermeasures for some of the space-flight induced ailments observed in humans exposed to microgravity.
